Diffusion-weighted

Introduction
Diffusion-weighted imaging in the abdomen and pelvis has been increasingly used since the 1990s with the development of stronger diffusion gradients, faster imaging sequences, and improvements in technology and magnetic resonance (MR) imaging instrumentation. Diffusionweighted imaging of the liver may be performed with 14-24-second breath-hold sequences depending on the field strength and gradient strength of the magnet. At present, much of the implementation is limited to academic institutions, but a growing body of research indicates that this technique provides valuable qualitative and quantitative data regarding structural tissue changes at a cellular level. Broader utilization in community practice is likely in the near future, particularly once a consensus on sequence optimization and data interpretation is established.
The principles of diffusion-weighted imaging involve exploitation of water movement in the intra-and extracellular spaces and vessels. Sensitizing diffusion gradients are used to manipulate the signal from water molecules in these different environments for the purpose of tissue characterization. Quantitative analysis may be performed with the generation of apparent diffusion coefficient (ADC) maps from diffusion images obtained at different b values. It is important to recognize that diffusion-weighted sequences must be tailored to the organ being assessed through appropriate b value selection, and that this modality has potential pitfalls and limitations.
In this article, we discuss and illustrate diffusion-weighted imaging in terms of basic principles, mechanism of qualitative and quantitative analysis, common pitfalls, technical challenges, and applications in the abdomen and pelvis, with special emphasis on imaging of the liver.
Principles of Diffusion-weighted MR Imaging
Diffusion-weighted imaging exploits the random motion of water molecules. In a totally unrestricted environment, water movement would be completely random, a phenomenon otherwise known as Brownian motion or free diffusion (1) . Within biologic tissues, the movement of water is not completely random, but rather, is impeded by interaction with tissue compartments, cell membranes, and intracellular organelles. For purposes of simplification, water movement in tissues may be categorized as intravascular, intracellular, or extracellular (Fig 1) (2,3) . The extent of tissue cellularity and the presence of intact cell membranes help determine the impedance of water molecule diffusion. Tissue types that have been reported to be associated with impeded diffusion include tumor, cytotoxic edema, abscess, and fibrosis. Tissues with low cellularity or that consist of cells with disrupted membranes permit greater movement of water molecules. The concept that diffusion-weighted imaging is a reflection of water movement at a cellular level is supported by the fact that the mean diameter of human cells is approximately 10 µm and the calculated root mean square displacement of water molecules during diffusion-weighted imaging is reported to be 8 µm (4,5).
Measurement of Diffusion
A diffusion-weighted sequence was initially described by Stejskal and Tanner in 1965 (2) as an adaptation of a T2-weighted sequence. The clinical sequence commonly used is an ultrafast spinecho echoplanar T2-weighted sequence with parallel imaging. For over 20 years, this technique Figure 2 . (a) Schematic illustrates the effect of a diffusion-weighted sequence on water molecules (solid circles) within highly cellular tissue or a restricted environment. The diffusion-weighted sequence is fundamentally a T2-weighted sequence with the application of a dephasing gradient (diffusion sensitizing gradient) prior to the 180° RF pulse, followed by a symmetric rephasing gradient after the 180° pulse. Water molecules within a restricted environment do not move long distances and acquire phase shifts during the application of the first gradient that are cancelled out by phase shifts acquired during the second (opposing) gradient. As a result, no net loss in signal intensity occurs (aside from normal T2 decay). (b) Schematic illustrates the effect of a diffusion-weighted sequence on water molecules (solid circles) within tissue with low cellularity or a less restricted environment. Water molecules within a less restricted environment can move long distances. Such highly mobile molecules acquire phase information from the first gradient, but because of their motion, their signal does not completely rephase with the second gradient, resulting in a net loss in signal intensity in addition to normal T2 decay. SE = spin-echo.
has been used for imaging of the brain. Not until the past decade, however, have applications in the abdomen been successfully developed, with the development of phased-array surface coils, high gradient amplitudes, and rapid imaging techniques (echoplanar imaging and parallel imaging) (1, 6, 7) . The spin-echo T2-weighted sequence consists of a 90° radiofrequency (RF) pulse followed by a 180° RF pulse, with the T2 decay related to transverse relaxation. Measurement of water diffusion is possible with the application of a dephasing gradient (diffusion sensitizing gradient) prior to the 180° RF pulse. A symmetric rephasing gradient is then applied after the 180° RF pulse (Fig 2a) . In a simplified model, the effect of the first (dephasing) gradient is cancelled out by the second (rephrasing) gradient in tissues with limited or impeded water movement, such as the highly cellular tissue of tumors. Therefore, there is little impact on the overall T2 decay, and the T2 signal of the tissue is maintained. In tissues with unimpeded water movement (lowcellularity tissue), water molecules may move a considerable distance between the dephasing and rephasing gradient applications. Consequently, the mobile water molecules will not be fully rein signal intensity on diffusion-weighted images and is proportional to the degree of signal loss.
What Is the b Value?
The term b value refers to the strength of the diffusion sensitizing gradient. The b value is proportional to the gradient amplitude, the duration of the applied gradient, and the time interval between paired gradients and is measured in seconds per square millimeter (8) . The sensitivity of the diffusion sequence is adjusted by varying the b value, which is most readily achieved by altering the gradient amplitude (1).
Importance of the b Value
Because the b value is the strength of the diffusion sensitizing gradient, at a b value of 0 sec/mm 2 (ie, no diffusion sensitizing gradient), free water molecules have high signal intensity, the signal intensity being based on T2 weighting.
Small b values (50-100 sec/mm 2 ) will result in signal loss in highly mobile water molecules such as occur within vessels. This is because the water molecules will have moved quickly over relatively longer distances by the time the rephasing gradient is applied, and consequently will not regain their original phase information after application phased, resulting in a reduction in overall T2 signal intensity (Fig 2b) . Therefore, the movement of water molecules is represented by a reduction liver, b values of 0 and 500-600 sec/mm 2 are typically used (9, 10) . Although at least two b values are required for diffusion-weighted imaging analysis, the application of a greater number of b values will improve the accuracy of the calculated ADC. The disadvantage of using multiple high b values is an associated increase in scanning time. The analysis of ADC is an automated process that is available as an application on most scanners or on a workstation. Calculation of ADC is independent of magnetic field strength and is made for each pixel of an image. The ADC can of the rephasing gradient. The resulting images are referred to as "black-blood" images due to the signal loss in the fast-flowing blood within vessels (Fig 3) (1,3) .
Because water movement in highly cellular tissues is restricted, the water molecules within such tissue retain their signal even at high b values (500-1000 sec/mm 2 ). This explains why highly cellular tissues such as tumor, neurologic tissue (brain, spinal cord), normal lymphatic tissue, bowel mucosa, and normal endometrium appear persistently bright on diffusion-weighted images, even at high b values (Fig 4) (3) .
Qualitative Assessment of Diffusion-weighted Imaging
Diffusion-weighted imaging is performed with at least two b values, including a b value of 0 sec/ mm 2 and a higher b value of 500-1000 sec/mm 2 depending on the body region or organ being imaged. The signal decay in tissues at different b values is generally biexponential (Fig 5a) (3). The initial component of signal decay is signal loss caused by flowing blood (fast-moving water molecules will dephase but will not readily rephase and will lose signal even with small b values). The second component is due to the movement of water in the intra-and extracellular spaces. A region of high signal intensity at high b-value diffusion-weighted imaging suggests restricted diffusion consistent with highly cellular tissue (tightly packed water molecules may readily be rephased by the rephasing gradient). The signal loss in water molecules at different b values can be used for lesion detection or characterization. However, interpretation of diffusion-weighted imaging findings should be performed in the context of other sequences (see "Common Pitfalls in Diffusionweighted Imaging").
Quantitative Analysis of Diffusion-weighted Imaging Findings and ADC
The ADC represents the slope (gradient) of a line that is produced when the logarithm of relative signal intensity of tissue is plotted along the y-axis versus b values along the x-axis ( bladder) have a very long T2 relaxation time and demonstrate high signal intensity even at high b values, despite some signal loss in mobile water molecules (Fig 6) . This pitfall may be avoided by referring to the ADC map (exponential image), which is a graphic representation of the ratio of the diffusion-weighted signal intensities (1) . A cyst will demonstrate high signal intensity on T2-weighted images and on diffusion images obtained at b values of 0 and 500 sec/mm 2 , but also on the ADC map. Unlike a cyst, a region with truly restricted diffusion will demonstrate low signal intensity on the ADC map.
then be displayed as a parametric map and essentially reflects differences in tissue diffusivity at different b values. ADC measurements are then recorded for a given region by drawing regions of interest on the ADC map.
Common Pitfalls in Diffusion-weighted Imaging T2 Shine-through
The signal intensity on diffusion-weighted images is dependent on water molecule diffusion and T2 relaxation time. Thus, lesions with a high fluid content (such as cysts or fluid in the gall- intensity on T2-weighted images, whereas larger hemangiomas demonstrate the typical interrupted peripheral nodular enhancement pattern with progressive centripetal filling (Fig 7) .
Iron Overload
Diffusion-weighted imaging is most commonly performed with an echoplanar sequence, which is highly susceptible to artifact. The presence of increased levels of liver iron has been suggested to result in signal loss at diffusion-weighted imaging, and it is postulated that the susceptibility effect of iron could be exploited to facilitate detection of liver metastases: Superparamagnetic iron oxide particles would be taken up by Kupffer cells in nontumorous liver, which would lose signal intensity on diffusion-weighted images, thereby increasing the relative signal intensity of metastases (11, 12) . Naganawa et al (11) reported
Slow-flowing Blood
Whereas water molecules within vessels are highly mobile and readily lose signal at low b values, slow-flowing blood within a region may demonstrate the signal intensity characteristics of a highly cellular lesion. This pitfall is readily observed on diffusion-weighted images of a hemangioma, which demonstrates high signal intensity at a b value of 500 sec/mm 2 due to the presence of slow-flowing blood and may also demonstrate low signal intensity on the ADC map. Consequently, a hemangioma could be mistaken for a solid liver tumor or metastatic lesion. In this situation, interpretation of the findings obtained with other MR sequences is very helpful, since even very small hemangiomas characteristically have very high signal an improvement in the detection of liver malignancy with a combination of superparamagnetic iron oxide particles and diffusion-weighted imaging. The advantage of improved contrast between metastases and nontumorous liver that may result from the use of superparamagnetic iron oxide particles relative to the potential disadvantage of poorer detection of small metastatic foci owing to adjacent iron-related susceptibility artifact has not been established.
Technical Challenges
Diffusion-weighted imaging may be performed with a number of different techniques, including spin-echo, fast spin-echo, gradient-echo, and echoplanar imaging, with the latter being the most commonly used (1,13,14) . The major limitations of diffusion-weighted MR imaging are (a) the low signal-to-noise ratio (SNR) inherent in the technique; and (b) susceptibility to artifact, which is associated with echoplanar imaging. Strategies that may be used to increase SNR include imaging at a higher field strength (3.0 T vs 1.5 T); minimizing echo time (<100 msec); increasing the number of signals acquired (two or three), which must be balanced against the resulting increase in imaging time; and use of a coarse matrix (128 × 128 at 1.5 T, 256 × 256 at 3.0 T). The SNR may also be increased by increasing the section thickness (typically a minimum of 6-7 mm) and field of view. The use of parallel imaging techniques permits rapid imaging and reduction in motion artifact, which also helps improve the accuracy of ADC calculation. Faster imaging allows the application of b values in multiple directions (generally three orthogonal planes are used in the liver) with the use signal averaging to increase SNR. Free-breathing techniques are associated with a higher SNR than are breath-hold techniques, and the longer possible acquisition time readily allows the application of multiple b values. However, the advantage of breath-hold imaging is the reduction in susceptibility artifact due to motion. Ghosting from respiratory motion and chemical shift artifact are reduced by fat suppression, which may be performed with a number of different techniques such as spectral fat suppression; water excitation; short inversion time inversion recovery, which provides uniform fat suppression over large volumes; and chemical fatselective saturation and selective water excitation for analysis of smaller volumes made possible by the higher SNR of the images (14) . To minimize T1 effects, a long repetition time is used. The repetition time for diffusion-weighted imaging in the liver is at least three times the T1 of a typical metastasis (>2500 msec). A commonly used protocol for diffusion-weighted imaging in the abdomen and pelvis is shown in the Table. It is important to note that ADC measurements obtained from breath-hold diffusion-weighted images cannot be directly translated into those obtained with free-breathing or respiratory-triggered techniques, which are reportedly associated with higher ADC values (15) . ADC measurements may vary not only with different imaging parameters, but also with different types of scanners. The mechanism for comparative analysis of ADC has yet to be determined.
Clinical Applications of Diffusion-weighted Imaging in the Liver
The clinical applications of diffusion-weighted imaging in the liver include detection and characterization of focal lesions, evaluation of posttreatment changes in the tumor microenvironment, and evaluation of diffuse liver disease.
Focal Liver Lesion Detection
The ability to detect tumors with diffusionweighted imaging is based on the premise that tumors have increased cellularity compared with healthy background tissue. Consequently, tumors demonstrate relatively higher signal intensity on diffusion-weighted images, with the contrast being accentuated by the relative reduction in signal intensity of the less cellular normal liver parenchyma (Fig 8) . Diffusion-weighted imaging is increasingly being used for the detection of liver metastases (14) . The actual detection of liver tumor is reported to be greater at low b values (50-150 sec/mm 2 ); Parikh et al (16) reported significant improvement in the detection of focal liver lesions with low b-value diffusion-weighted imaging (88% accuracy) compared with T2-weighted imaging (70%) (17) . High b values are considered to be more important for the characterization of focal liver lesions; however, the high signal intensity of a lesion at high b values is most effectively interpreted in conjunction with the lesion characteristics seen with other conventional MR sequences. Quantitative measurement of ADC has also been shown to be an indicator of malignancy in focal liver lesions, with a reduction in mean ADC (low signal intensity on an ADC map) of malignant lesions (Fig 8) compared with benign lesions (18) . Bruegel et al (18) reported that an ADC threshold of 1.63 × 10 -3 mm 2 /sec could be used to correctly characterize 88% of lesions as either benign or malignant. In the context of a partially necrotic tumor, the region of necrosis would be expected to demonstrate a higher ADC (less impeded diffusion) than would the nonnecrotic portion; therefore, a region of necrosis would result in heterogeneity of the signal intensity of the metastasis on diffusionweighted images, such that the necrotic portion would show progressive reduction in signal intensity with increasing b values, unlike the nonnecrotic portion (1) . The interpretation of absolute measurements has yet to be clarified, since there are many factors (instrumental, sequencing, biologic) that may potentially influence ADC measurement. Despite its current limitations with respect to focal lesion characterization, however, diffusion-weighted imaging may be helpful in lesion detection in patients with impaired renal function or contrast allergies precluding the use of dynamic gadolinium-enhanced imaging.
Commonly Used Protocol for Diffusionweighted Imaging of the Abdomen and Pelvis
Prediction of Tumor Response and Evaluation of Posttreatment Tumor Changes
There is a growing interest in the prediction of tumor response to therapy with the application of diffusion-weighted imaging (3). Koh et al (19) described the observation of high ADC of colorectal metastases to the liver as an indicator of poor response to chemotherapy. A possible rationale for this observation is that higher ADC values may indicate tumor necrosis, which is thought to be representative of reduced perfusion and therefore reduced response to chemotherapy. A number of other studies have also reported an increase in lesion ADC following chemotherapy (1, 3, 20, 21) . Kamel et al (22) recently reported a significant increase in the ADC value of hepatocellular carcinoma 1-2 weeks after transarterial chemoembolization. The ability to detect early tumor response to therapy or to characterize features that are indicative of poor response is clearly clinically important, and further research is required in this area.
Evaluation of Diffuse Liver Disease
The obesity epidemic in the United States and the resultant burgeoning of obesity-related complications has led to an increased prevalence of nonalcoholic fatty disease with the potential to progress to significant liver injury (23, 24) . Increased hepatic steatosis and, in particular, collagen deposition in fibrosis and cirrhosis are associated with a reduction in ADC (Fig 9) (25), and it has been shown that the ADC in the liver is significantly reduced in patients with cirrhosis (9, (26) (27) (28) (29) . An inverse correlation of ADC with severity of liver disease in patients with viral hepatitis has been documented but with variable results (27, 30, 31) . Boulanger et al (30) studied 18 patients with hepatitis C and 10 control subjects and reported no correlation between ADC and fibrosis scores. Koinuma et al (27) reported a significant decrease in ADC with increased fibrosis score in 31 patients (21 with chronic hepatitis and 10 with cirrhosis). Taouli et al (9) reported that ADC could be used to detect stage 2 or greater fibrosis in 19 patients with chronic hepatitis. In preliminary studies (n = 63), Qayyum et al (25) observed that liver ADC was significantly lower in patients with nonalcoholic fatty liver disease than in healthy volunteers, with an area under the ROC (receiver operating characteristic) curve of 0.98. In addition, the correlation between ADC and liver fibrosis significantly increased with use of an ADC value of less than 1.6 × 10 -3 mm 2 /sec when fat correction was performed on liver ADC values (25, 32) . at MR imaging is a focal ovoid lesion with low T2 signal intensity. The difference in contrast between the tumor (low T2 signal intensity) and the peripheral zone (high T2 signal intensity) allows the detection of prostate cancer. Although this classic imaging appearance of tumor has been recognized for some time (34) , low T2 signal intensity in the peripheral zone is nonspecific and may be caused by other nonmalignant conditions such as prostatitis, hemorrhage, and treatment change, which may make the MR imaging detection and staging of prostate cancer difficult. Prior studies have reported MR imaging to have a sensitivity of 77%-81% and a specificity of 46%-61% for the regional detection of prostate cancer (localization is commonly based on an arbitrary division of the prostate gland into six regions or sextants by subdividing the right and left halves of the gland into an apex, midgland, and base) (35) . The detection of central gland tumors with conventional MR imaging poses a greater challenge due to the very heterogeneous T2-weighted appearance of the central gland typical of benign prostatic hypertrophy (Fig 10) . Within the past decade, diffusion-weighted imaging has also been introduced as a means of detecting prostate cancer (36) . Diffusion-weighted imaging of the prostate gland requires very high b values (1400-1600 sec/mm Continuing technical improvements in diffusion-weighted imaging, with reduction in acquisition time and motion artifact as well as the ability to obtain multiple b values, is likely to improve the ability to stage diffuse liver disease. In addition to the many technical hurdles, quantitative analysis of diffusion-weighted images is hampered by factors of disease heterogeneity, confounding biologic factors such as the presence of liver fat versus fibrosis, the potential susceptibility effects of increased liver iron in advanced liver disease, and conditions caused by iron overload such as hemachromatosis.
Other Abdominopelvic Applications of Diffusion-weighted Imaging
Diffusion-weighted imaging is being used for a number of other investigational applications in the abdomen and pelvis, including detection of prostate cancer and uterine cancer and the assessment of focal renal disease.
Prostate cancer is a major cause of morbidity and mortality in American men and represents the second most common fatal cancer in this population. However, many cases of prostate cancer are subclinical, and microscopic foci of incidental prostate cancer can be detected in up to 40% of men at autopsy (33) .
Prostate cancer commonly occurs in the peripheral zone of the prostate gland, with only approximately 20% of tumors arising from the central portion of the gland. The characteristic appearance of peripheral zone prostate cancer values and has low signal intensity on ADC maps (Fig 10) . The imaging features of prostate cancer on diffusion-weighted images may be particularly helpful in the evaluation of regions of variable T2 signal intensity, such as within the central gland. The combined use of T2-weighted and diffusion-weighted imaging has been reported to be superior to T2-weighted imaging alone for tumor detection in the peripheral zone (38) . It is important to note that the range of absolute ADC values typically overlaps when benign and malignant nodules are compared, and furthermore, that ADC variations may even occur in a patient as he or she ages (39) .
A few studies have evaluated the role of diffusion-weighted imaging in the cervix. Normal cervical stroma contains large amounts of fibrous tissue, so that it demonstrates low signal intensity on T2-weighted images and delayed enhancement on gadolinium-enhanced images. Because of the greater cellularity of cervical cancer compared with the normal fibroelastic cervical stroma, tumor demonstrates higher signal intensity on T2-weighted images and greater enhance- ment on gadolinium-enhanced T1-weighted images. The relatively greater cellularity of cervical cancer may also explain the appearance of this tumor on diffusion-weighted images. Cervical carcinoma has been shown to demonstrate impeded diffusion relative to normal cervical stroma, and a significantly lower ADC has been reported in cervical carcinoma (1.09 ± 0.2 × 10 -3 mm 2 /sec) compared with the normal cervix (1.79 ± 0.24 × 10 -3 mm 2 /sec) (39) . Although a few studies have investigated the use of diffusionweighted imaging for lymph node assessment in malignancies (40) , there is no established consensus as to whether this technique offers an advantage in gynecologic cancers. According to Whittaker et al (41) , both benign and malignant lymph nodes demonstrate high signal intensity at high b values (>1000 sec/mm 2 ). Furthermore, the presence of necrosis within a lymph node represents a potential pitfall in lymph node analysis.
Diffusion-weighted imaging of the kidney requires high b values of at least 1000 sec/mm 2 . The differentiation of solid from cystic lesions in the kidney (Fig 11) and ADC-based differentiation of benign cysts from nonenhancing necrotic or cystic tumors have been suggested (42) . However, the differentiation of solid benign from malignant tumors in the kidney remains a challenge (43) .
Conclusion
Diffusion-weighted MR imaging is an evolving technology with the potential to improve tissue characterization when findings are interpreted in conjunction with findings obtained with other conventional MR imaging sequences.
Studies have also been performed in a variety of other tumors and organs, including colorectal carcinoma and the pancreas (44, 45) . Shinya et al (46) compared colonoscopic findings with computed tomographic (CT) and diffusion-weighted imaging findings in 18 patients with colorectal cancer. No significant difference was reported in the ability to detect early-stage cancer with CT versus diffusion-weighted imaging, but the latter modality was reported to be superior in the detection of liver metastases. ADC measurements in patients with colorectal cancer suggest a role for ADC in predicting treatment response (47, 48) . These studies suggest that tumors with a low baseline ADC are associated with a greater response to chemotherapy. Such an observation may be explained on the basis of a higher ADC for tumors with necrosis, which is predictive of poor chemotherapeutic response (1, 48) . Fattahi et al (45) reviewed diffusion-weighted images (b = 600 sec/mm 2 ) obtained in 14 patients with mass-forming pancreatitis, 10 patients with adenocarcinoma, and 14 healthy subjects. Compared with focal pancreatitis, pancreatic adenocarcinoma was reported to show a significantly greater difference in signal intensity (greater diffusion impedance) relative to background pancreatic parenchyma on diffusion-weighted images.
In summary, diffusion-weighted imaging has the potential to help detect and characterize focal lesions in the liver and to help detect and stage diffuse liver disease. There has also been a growing interest in the ability to distinguish benign from malignant lesions in other organs in the abdomen and pelvis. The protocol used should be tailored to the organs being imaged, especially with respect to b value selection. Diffusionweighted techniques involve many difficulties owing to low SNR, are prone to artifact, and continue to evolve. Although diffusion-weighted imaging lends itself well to providing functional and structural information about biologic tissues, it is best used to solve specific problems. To date, studies on diffusion-weighted imaging are small and vary with respect to technical parameters and instrumentation. Improvement in patient outcome with diffusion-weighted imaging has yet to be established. Interpretation of diffusionweighted images should be performed in the context of other MR imaging morphologic findings and signal intensity characteristics.
